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ACTIVE AND PASSIVE REMOTE SENSING OF ICE

'.,

Principal Investigator: Jin Au Kong

i" SMI-AUIAL PROGRESS REPORT

This is a report on the progress that has been made in thE study of

active and passive remote sensing of Ice.under the sponsorship of ONR Contract

NOO014-83-K-0258 during the period of August 1, 1983 - January 31, 1984.

During this period w.-he're (1) derived the backscattering coefficients for a

two-layer anisotropic random medium; (2) calculated the emissivities from a

two-layer anisotropic random medium ; and (3) participated in the microwave

sea ice measurement program at the Cold Regions Research and Engineering

Laboratory. (CRREL).

A two-layer anisotropic random medium model has been developed to study

the active remote sensing of sea and lake ice. The dyadic Green's function

for a two-layer anisotropic medium is used in conjunction with the first-order

Born approximation to calculate the backscattering coefficients. The random

permittivity fluctuation is also assumed to be anisotropic and characterized

by the correlation functions which are related to the shape of the fluctuation

structure. It is shown that strong cross-polarization occurs in the single

scattering process and is indispensable in the interpretation of radar

measurements of sea ice at different frequencies, polarization and viewing

angles. The theoretical model is also shown to correspond to the ellipsoidal

discrete scatterer model, which enables us to determine the relationships
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between the cross-correlation and autocorrelation functions. A manuscript has

been prepared for submission to a journal for publication [Appendix].

The emissivity of a two-layer anisotropic random medium has been

calculated using the dyadic Green's function for a two-layer anisotropic

medium and the first-order Born approximation. The emissivity is calculated

by obtaining coherent and incoherent reflectivities and by making use of

the relationship e - 1 - r. The incoherent reflectivity is obtained by

integrating over the upper hemisphere the bistatic scattering coefficients

obtained under the Born approximation. The theoretical results have been used

to interpret the passive microwave remote sensing data from vegetation canopy

which also show strong anisotropic dependencies. A manuscript is being

prepared to document the theory and the theoretical calculations.

We have participated in the winter microwave remote sensing measurements

at CRREL. Several trips were made to the experimental site at CRREL in order

to assist and participate in the experimental efforts. Our involvement in the

experimental efforts has provided us with valuable insights in the development

of theoretical models and data interpretation. We are currently waiting for

the calibrated and reduced data in order to start the interpretation of the

experimental data with our theoretical models. /
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APPENDIX

ACTIVE MICROWAVE REMOTE SENISNG OF LAYEREI)

, ANISOTROPIC RANDOM MEDIUM

Jay Kyoon Lee and An AU Kong

*Departmnent of Electrical Engineering and
C'- ' ~BComputer Science and

Research Laboratory of Electronics
Massachusetts -Institute of Technology

Cambridge, MA 02139

Abstract

A two-layer anisotropic random medium model has been developed to study the active
remote sensing of earth terrain. The dyadic Green's function for a two-layer anisotropic

.1' medium is developed and used in conjunction with the first order Born approximation
to calculate the backscattering coefficients. It is shown that strong cross polarization
occurs in the single scattering process and is indispensable in the interpretation of radar
measurements of sea ice at different frequencies, polarization, and viewing angles. The
effects of anisotropy on angle responses of backscattreing coefficients are also illustrated.
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1. lItroduction

In the active microwave remote sensing ol earth terrain, the random medium model
has been used to account for the volume scattering effects of the terrain media such as
snow, ice, and vegetation. The problem of scattering by a half" space random medium as
well as a layered medium has been studied in recent years 11--71 However, these works
assume an isotropic constitutive relation whereas the actual medium may be anisotropic
in nature. An example is the dielectric behavior of sea ice. Due to the development
of brine inclusions inside the ice crNvstal, it has been found that the dielectric loss of sea
ice is greater when the electric field is parallel to the brine inclusions, as compared to
when the field is perpendicular to them E 'J implying an electrical anisotropy. It has
been also observed that the c -axis of the crystal structure of sea ice has a preferred
azimuthal orientation I I . The radar backscattering coefficients for sea ice i'l-161 also
strongly suggests a theoretical model with an anisotropic permittivity tensor. Besides
these observations, there are many other experimental data which assert the anisotropic
dielectric behavior of sea ice i-. The cross- polarized backscattering coefficients have
been calculated with the Born approximation 2.1 or the bilocal approximation [I3 to
second order with the isotropic random medium model in layered structures. However,
the large cross-polarization components as measured in sea ice strongly suggest that the
effect is a first order contribution.

In this paper we study the problem of active remote sensing with a two-layer anisotropic
random medium model. The dyadic Green's function for a two-layer anisotropic medium
is first.obtained and approximated in the far field. The random permittivity fluctuation
is then characterized by three correlation functions: (i) the autocorrelation between
azimuthal fluctuations at two clifferent spatial points, (ii) the autocorrelation between
vertical fluctuations at two points, and (iii) the cross-correlation between azimuthal and
vertical fluctuations at two points. With the inflormation about the shape of the fluctuation
structure known, the third is related to the first two. The first order backscattering
coefficients are calculated with the Born approximation. The results are examined and
interpreted, emphasizing the effect of anisotropy of the random permittivity on the
backscattcring coefficients including cross-polarization, as a function of frequency, incidence
angle, incidence azimuthal angle, and tilted angle of optic axis. The theoretical model
is shown to correspond to the ellipsoidal discrete scatterer model, which also enables us
to determine the relationships between the cross-correlation and autocorrelation functions.
Finally the theoretical results are applied to the interpretation of experimental data obtained
from sea ice measurements.
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2. Formulation of tie Problem

-4

Consider an electromagnetic plane wave with linearly polarized time-harmonic field

incident upon a layer of an anisotropic random medium with a permittivity tensor

(01 =< ,(,') > +Zs(f) (2-.2-)

where < T&) > is the mean part and (if(i) represents the randomly fluctuating part [Fig.
1]. For the statistically homogeneous medium, < T( ) > will be a constant independent
of position. ,if(f) is a centered random function of position and its ensemble average,
< (,f(7) > , is zero. it is assumed that the amplitude of (1 f(T) is small compared to
< =,(T) > . In general, both < ((f) > and ( ) are taken to be uniaxial ith the optic
axis tilted off" the z -axis by some angle. For example, in the case of sea ice, the brine

. inclusions inside ice crystal are elongated and have preferred directions which are tilted
from the vertical axis 'g The optic axes of < ft(F) > and F() are rotated by 7 and
O , respectively, from the z -axis around the x -axis so that they are in the yz -plane as
shown in Fig. 2.

By the rotaton of coordinate axes, the mean permittivity tensors < ( > and
< i(7r) > , before and after tilting, respectively, are obtained as follows.

< ( 0 (2.3)
0 01'Ell, 0 0 ]

< 0( > 0 22 o23 elm (2.4)
- 0 C32 C33

where
el "l , 22 - C1 coS 2  +l- e sin2  r'

(23 = 32 = (c1. - ) cos 0 sin* (2.5)

(33 = cl sin V) + ( , cos 2 7k

Similarly, the permittivity fluctuation tensors can be written as

-- o- If Wo,) 0 0

0 0 .('

#I
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(I Ic f r ( 1
-" , r) j 0C ) ( f ,f.,:If (r) (2.7)

where

(23, f () = ('3,.() = f - ' ( )'. f Sil O. f, (2.8)

(33f(;) i= i ll2 .. 4'f ,

" The layer of random medium has boundaries at z = o and z = -d . The upper region
is free space and isotropic with permittivity (, and the lower region is homogeneous and
isotropic with pennittivity ,. All three regions are assumed to have tile same permeability

Te total electric field in region 0 which is the.sum of incident and scattered fields
satisfies the following homogeneous vector wave equation

V X V X o(f) - k." To() = 0, z > 0 (2.9)

where k. -- A(-.. The electric field in region 1 satisfies

,,7 X 7 X T; ,(F)- Wt() 2t =' 0, -d < z < 0 (2.10)

i.e.
vx V x P,(F)- iv 2 = T7- P,,- -d < z <0 (2.11)

where W() Aw= I f(y) is treated as an effective source distribution.
We can express the formal solutions of (2.9) and (2.11) for the electric fields in both

regions in terms of dyadic Green's functions.

where the integrations extend over region 1 occupied by the random medium.
The superscript zero in 0 o°)(r) and kT, )(7) refers to the unperturbed solutions in the

absence of the random fluctuation part. We will use the parenthesized superscripts (1),
__ ., (2), (3), etc. to denote higher-order terms. Tie dyadic Green's functions, U;,(?, ) and

Z7I(r, j1), satisfy

h s' V x v x (, )-- W oIO,(1,,) = 0 , > 0 (2.z >)
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V7 X V7 X G,(irI) - ,v I,,. .,(r,r-)= M(r- r), -d < z < 0 (2. H)

with the appropriate boundary conditions at z = 0 and : = -d and radiation conditions

at z = ±o fir the electric fields. Here the first and second subscripts refer to the regions

of the field and source points, respectively.

We can obtain the solutions to (2.12) and (2.13) by iteration. Repeating the substitution

of (2.13) into (2.12) we find the solution for the total electric field in region 0. in the form

of the infinite Neumann series [214.

p4 To() = ?~(7) + E I (" ) (2.16)
n=1

where

(L(2.1)T. fr dPIFndI-f. G| ) Q )•(|(, . (.}.. (2.18)

-(I) --0 () (

'o*(r) is the first-order scattered field and the rest is the higher-order scattered fields.
Physically, R(o)(F) accounts for the single scattering, ioJ ( ) accounts for the double

scattering, and so on. If the scattering is weak, we would expect that the series in (2.16)
will converge rapidly. Then the first term in the infinite series expansion will provide a
good approximation to the scattered field.

r,. (f) - E;°(7) + Eo(T) -E- o (f) + E (F). (2.20)

Now we impose the so-called first-order Born approximation by replacing R,(f 1 ) in
(2.12) by jI0°)(Fj) , as shown in (2.20). In order to find the quantity of physical interest

we form the absolute square of Eo( ) and take its ensemble average. Then the mean

.. ' intensity of the electric fild in region 0 will become

< I~o( )I2 > -I °)( )12+ < I') 2) > (2.21)

where we used Rc < o() 7) (F) >= RC <(0 (F). <1) (j) > 0 because < Q >=

0 . therefore, the first-order scattered intensity in region 0 is given by

- < ITo'(,i)I2 > ;:t < -0" ) I" > = d ;'d 7;2:

>=* f** f A V

:'.:. (2.22),OI OF, ]f0>( "
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l-\pssifgted adic Green's [tinctioll. the 11ICtua11tionl tensor, and L11e unIperturbed electric
*-field ill term1s 01CoimponentlS ill Cal-esian coordinutes. the scattered Field iritensit becomes

< >f fV (2.231)
tl )I~'m(~)j IQ(~I)Q("
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3. Dyadic (reen's Function and Unperturbed Electric Field

In order to proceed with the calculation of the scattered intensit, we first have to find
the dyadic Green's function (DGF) for a two-layered anisotropic (tilted-tiniaxial) medium.

1 (e, t') , with the observation point in region 0 and the source point in region 1. We
take the resultant expression tbr the DGF. ?,It,(?,.') , with the observation point in region
1 and the source point in region 0, which are derived in Ref. [25] and apply the Iollowing
symmetrical property of DGF 1261

where the superscript 7' denotes the transpose of the matrix or dyadic. Exchangir ie
arguments, " and Y' , in (31b) of Ref. [25] and taking its transpose, we obtain U0o,
as follows.

o G-7i/] dkdkv-ck'-ho(k)L=~~ ,.od )e- V, ,

+ IonHb(_k*)e-. + AHc(k1')e + l-H.(k(1z) I z(3.2)

+ ib()[Av6(k-)e,-.' ' + BoV- kO,)e - '*' + A.,

+ Bv (ke)e-',]}

where
k(, X o (3.3a)

(k..) = h.(k.) x 1. (3.3b)
ka

6(kal) = X (3.3c)

6(- k X .) (3.3d)

. d 6, (k,.d) X Xt,

( e'ikk= I (3.3f)

X =(3.3g)2X I"

I(kL) - I

".,. , ..- .- ,..,.'.V.%..-.-.''-,, '....,..,.. "."..' -,.,, "-.", ;;".- ', .,'" .- ," -.. """"'.- . ,""''" . .



X Aze
"(kea " x (3.3h)

-.o= +k0-° (3.3i)

kP + k, (3.3j)

-* k- - ,,. (3.3k)

we,= k- + kz (3.3nl)

.,d k (3.3n)

. Tim ." I (3.30)

= k,! + kj (3.3p)

z sill 7P + C:os 7 (3.3q)

kz= k2;. 2 i - 0,2 (3.3r)

-1 "k; k -" (3.3s)

ke 1( 2 t z,
S. ,*

k- i 0, 1, 2. (3.3u). . - - k ( 1 33 - ltak - t; ,,J(3.3v)

• "d' ;' k o =- Vi 2 ,1,2 (MV3)- V
We notice that &(±k4- ) is a unit vector in the dircction of an electric field for an ordinary
wave and (keu) or (k) is one for an extraordinary wave (upward or downward

propagating). The coefficients for the upward or downward propagating waves, A 's and
B 's are expressed in terms of the half-space reflection and transmission coefficients as
follows.

- A 0H = A.(k - -kr, kv -- -ku) (3.4a)

BoH - 31o(k. -k., kv -k ) (3.4b)

..-. =., --t.(k. - -k., kv -kV)  (3.4c)

BAH = -11, (k. - -k., ky - ky) (3..1c)

Aov = -Avo(k. - -k, kv -ky) (3..Ic)

" BoV = -liv o(k, -. -k,, kv --. -ku) (3..If)



K,7- -. ***"k*.*,.j . -

AA. = l(k. -k., ky -kV) (3.1 )

/IeV= Ilve(kz -* -k ky - -kV) (3. 1 h)

~~ind A00o(k, k) = X0.1.1 + X0OL2 (.5)

A. (k., kv) = X0,. . + *\'13 M I (3.5bi)

li-yk kv) =X,,.(,o,- + AI._2c.T) +- XO(12 + Ai11e.-) (3.5c)

- where
11=I or V,

=o or e,

and
I' = I - see (3.6a).

D

11 £2 = 0 (3.6b)

M, = -S..(3.6c)
D

SA (3.6d)

.50= GGo + o.. (3.6e)

Sag = ooRoc + o.R., (3.6f)

Sea = eJ?,. + e.R. (3.6g)

S.= eaRo,8 + e61?66  (3.6h)

D =(I - S..)(1 - S..) - S..S.. (3.6i)

o: 0 e: eiko.d R12,eik,d e -ik',dRi2,eke, d]
0 o e6  eik-,.dR12,.eik',-d e-' -R 2 .. e'k',d

*X. = 2 k0  (k I*k. - k! kc.') Co

D,. ~ (k,, + k~j pk(3.7kk

+kv(k2.ko,2 - k 2k..kel.) sin ~'

bXHe D. k k (k + k..k~ jsi n V (3. 7b)

V, De kp k., + k in~i(37c
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XV6  - '(k.. k2 cvos 4' + kv k.. k*. si n ') (3.7d)

YuIek';5 + k,,

'~ = Ud__ k k'0 (k';. k0.)(k. si n ~-k., cos 4)si n 4'(:.Sb)

I? u = kk~ (ed -k';1 )(Ic';5 - k.(vsin V) + k, cos V') si n - 3.?4C)

I?,- d /e (3.8d)

Rl12o. = gu G. k*;, - k2.9a

9. gt9d F. k'; 2 + kc2.

1112.. -- -) 'k k';(k,) 0- k;)(ky si n Vy + k2, cos V) sing (:I4b

/?12,o =-u . k.(e - kj)(k*_2 - k.1,)(k., sin 0p - k.,. Cos d)) sin th 3.c

R12ce = -IlS /I. (3.9d)
11d F6.

9d= {kz +(k. Cos 0 +k;5 sin)}/ (3.10a)

=u {k 2 + (k,, coso - k',. sin 0/)21/2 (3.1IOb)

Uj= {~21 (kc + k+ ke';. + w2 ~~) k + ke2 - w it((cI + cI)(3.10c)

Uu = k-' +~5 c k v + k';'. 2 -w 1 )[k~ + k+ k*' -W2 11(EI + cI*)]} (3. 1Od)

2 o 2 ik(k 2k.. - k.2k';d) + sin 2 4ifk 2(k., - kel)(k 2 + k. 5k';5)

+ kc ko2 (k - k )+ cosO sin gOk,(k*;5 + k. 5 )(k*. - kel)(k~ + ko;5 Ic.)(3le

Co COS (kk. - k +si 2 4'{k (k., - ked )(k- k.,k'.)Eckk~ 0 kp~ ~ I I 1 (3.10f)

+k~k';5 (k 2 - k.)} + cosV sinogk,(k*,. + k. 2 )(k*'; k''.)(k~ + ko.,k' 2 )

F6  =Cos 2 V, k 2(k 2k., + k.2kcu) + sin 2 wk 2(k., + k~u)(k 2 + k..k';5)

*, 6~~~. + k k';2(k~ - k~) + cos 4P sin O'k,(k';2 + k.2)(k';8 + keu')(k~ + Ic'; ko25)(31

l W, Cos 2 ty k 2(k 2k.., + k 2keu) + sin 2 Ui'k 2(k.., + ku)(k~ 2- k2jk';2)(o)

- kok';(k" k 2)1 + COS Q/ sin ?,frk,(k 2 - k*';5)(k';5 - kcu)(k 2 - k25k';,)

'14



.P 1° 2- : .I(j

:- - II

+ 2 -, k 2 ) - cos q, sin qk,(k,,k + k2..,)(k, + k,,,)(k-' + kok I,)

Under the far-field approximation, the integral for ?h (f, 7) in (3.2) is evaluated with the
m... nethod of steepest descent 17', 281 as r - 00. T'he results are

-- €~
i k r  

r

I7rrg P

where
""", ') [' + r .. .. z'.- '.- ,j(6,,, .- b(- -, , ,,

.. + : .4c ,-( k , ' + l el d -(k W) d. z'
" :1 

(3. 11 b)
"'. + o(kox) A o4 v (k * ,)c ' Vk , + i1 v b( _k a )eik ,

+ .,v (k )e -k7,. + UCv (k , z

and all the coefficients and the vectors are defined in (3.3)-(3.10) with

k, = k. sin O. cos 0. (3.12a)

k_ = k. sin 0. sin 0. (3.12b)

and (0,,k) are the observation angles in the scattered dirction.(
*Given the wave incident form region 0 with TE-or TM polarization and the amplitude

So ,. the unperturbed electric fields in region 1. -,(tO)(p), are obtained in a similar manner
4' as 71i(r, P) was.

= Eo, { AHt(- k)e '(3.13a)

ik%.

1 A.- + Ak*, )e + .H.,(l e "1

In' (
"% (l°( ')r " = go, jAy,,(-k7,)jt:,," + flv,,a(k ,,)tk'a,

(3.13b)
"'+ Av.,,(k'2)etk + Rv.c(k, )c 'e a

where
-. T= A.,(k = kz,, k, = k ,) (3.L1'a)

-p

k.4(

"'-- '"":."p'' ,.,d ' ......- ,, "'''.., . ..... '. . .: . '." ","." . •" .. " ', ." ."' . - . . ..-.- O ,':, 'N

" -'-S." " " " ." " " " " - a : t ' ' ' ' * . '- ' ' x , ' "' " 
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.4.,.12

.e. p"-II or V

-y- = or c

k,, = k. , + kv, (3. 15a)

* .*_ /¢ ¢ i 0: So (3. 5e,

2 2-k', j= kfkp (p.156)

1 ~ ~ 2 zk Iz3t- i1/2 (. c
k'z -(33 (33

k~1i jk'; + ~ (3. 1 5d)

k~j = k. 4i n (0i os0i (3.15c)

kv = k. si n 00i sin 00i ~ (3.15f)

and (0)j @oo) are the observation angles in the incident direction.

[%"%



'~~~' - -.. .1 r

L'.. 13

4. (Correlation Function of" Permittivity JFludtuationl'-

The pCrrlittiVity fluctuation tensor (2(f) w-u-(e) ol the random I11CditlIi aSSumed
to be not only uniaxial but also tilted by some angle of as "as discussed in Section 2.
The fluctuation tensors ?( ') and Q(e) before and alter tilting, respectively, are given
by

((7') 0Q(-7o') = 0 ((') 0 ](.. )
L) 0 (41')

0 Q'(7 0 0 '

?7(f)= 0 .22() 2,()I (I.ib)

I. 0 (232(r) (2:3()]

., where-
' whereQ1 = Q, (22= = Qcos. ,'i + (2 2 in12 i"

Q2a =(:12 = (Q. - Q) cos o sin of (1.2)

* Q: = (2 sill2 1I'f + Q, eos2 Of

following the equations (2.6)-(2.8).
In order to calculate the scattered intensity in (2.23) we have to determine the

correlation function < Qjk(FI)QT,,,( 2) > . Because the random medium is assumed to be
statistically homogeneous, the correlation function depends only upon the separation of
two spatial points f 1 and Y2

< Q(jk(Y)Q*,(Y2) >- Ck,,,(fi - 2) (4.3)

Next we express Cjki,,,(F -F2) in terms of its own Fourier transform

Cjkilm(71 I Y2) =k/4 f' -p (4.4

where k' - Re(kt) and ,0,k&,.(M is the power spectral density of the correlation function.
We define three correlation functions and their spectral densities

< Q(7F')Q*(y) >= CI(TI - F2) - k/ d (4.5a)

< Q2('I)Q,(f2) >- C2(F1 - 2) = k14 / d (0 (-)e''(-2) (I.5b)

f

< Q(fi)Q (72.) > - C3(f1  - 12) -- ki d (e3 P () - ( - ) (4.5c)

where C,(7 1 - 2) and C 2 (TI- 72) arc the autocorrelation functions of the random physical
quanties Q() and Q,(), respectively, and C3(' - f2) is the crosscorrelation function of

...



the above two random quanltiCs at two dilerent spatial points. (.drj - r.) is, in general,
independent of (, (r, - r.,) and ('.(r, - r.j, but given some information Lbout the shape
of fluctuation it will depend on (,, and ('. We %ill specif\ ('. in terms of (', and C(

comparing with the result of the ellipsoidal discrete scatterer model in Section 6. Now we
can express all spectral densities ,0,kn(T) in (4.4) in terms of p1(), , and (:di)
defined in (4.5) using (4.2).

( 1 ) IIII (01

(01122 (0221 I= ( C ' 2 
OI + 0:1 sin" 2f

01:13 ="" ' i Io= ' I sil 2 + (13 (*5 "
= .. o- of + 2 (0:1 cos 2 V'f Sil

2  O'

(-2233 (1322 = ( + si" cos ' + (sil 'O + COS4 Of)

(331 3 - t)l Sill 4Of + (4 COS4 + 2(0: C0 2 V' Siltl i O

(4.6)

0 1123 = )1132 = 2 0311 (P32l I = ((b3 - q1) i) Si (I"fCOS Of

(b 2 22:= ('2232 = (02322 ( 03222

= [(1 - ()) COS2 ,if + ((2 - (0:) ir nW If in 'f cosof

'13323 = '1)3332 --= (02333 = (03233

• .,. = [((0 3 - 411 ) Sit/ + (€ 2 - ¢:) cos 4W sin i b co

(2323 = ¢'2332 = (03223 = (b3232 = (bt + '~2 - 243) sin 2 of cos 2 41'
We characterize the correlation function by considering two quantities, variance and

correlation length. Let's consider the correlation function of the fluctuation which is
Gaussian in lateral direction and exponential in vertical direction.

C1(fI- T)= 6 .,,p CX X 1 47

C2(Qfl - f 2) = 620g exp [;3 I p212 [XIZt Z21] (4-8)

where ,1 and 62 are the normalized vairiances of the lateral and vertical components of
the permittivity fluctuation tensor, respectively, and t, and -, are the correlation lengths
in lateral and vertical directions, respectively.

Here we took the same correlation lengths for two different correlation functions in
(4.7) and (4.8). ft is physically reasonable to assume the correlation lengths to be the same
no matter what the physical quantity is. In other words, the correlation length depends
only on the randomness of the medium and it does not depend on the physical quantity
(Q and Q, ). But it may dilfer from direction to direction so that we have two correlation
lengths in two different directions, lateral and vertical.

On the other hand, the variance which is the strength of fluctuation can depend on
the physical quantity. 61 # 62 describes the anisotropy of the permittivity fluctuation of
the random medium in our model and leads to the first order depolarized backscattering.

- *,
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5. lackscattering (oefficients

...

Subsuting the ICstillant expressions fi.r the unperturbed electric tied /',O)(r) in
IV- (3.13), the lhr-field approximated dpadic Green's function (;o,( , ,) in (3.11). and the

correlation function defined b (4.3). into (2.23), we obtain
< (3'

)(?)12 > ___'Oit ff2 TY 'N

~Z Jf dZd 2 9i(T~P, Z I )Ik(k~t? , ( P Z ACiimri"

(5.1)

where

--.... m(1) = Eoia ,,. (k,,L), l = 1,2 (5.2a)

=~(T, Zi k' (pZ) k = 1, 2, 3 (5.2b)
t) g,(k0, Z ) = ., .(kp, . 1, i, j = 1,2,3 (5.2c)

I = £, £2 3 £ (5.2d)

Making use of (4.4),

tff

ki- .% -. 2//_. (p _< JEO(F~l >_(4 irr)2 o i 2ee

.'.-. d-+,Z2 9i(. Z I"F (Z 1 9,( 2 F .(z, 2 r .,( k- -"e

where f = 3 + 03. and ,1, kI,,(7) is given by (4.6). After the p, -integration,

C f
":' ZdO, dzj dz29ij (Z1)Fk(z )9,j(Z2)F: (Z2)O b t,,n( -_ , P. )e 

-
iO 

(
XI -X2)

.'Jfoo

< IE )l 2 > .Iok 
4 Jd fd 2 (2)6(,-

(5.4)

The delta function enables the i± -integration to be performed and then the P2 -
integration will give the illuminated area A"

-13, .z .IZ 9i.I1kZ . 4.... 4 4 4

00 d ,r (5.5)

+.-.-.,"'(P- ;I': .,,( = p - T. p t /J.1t) e- 0 ' (21 -82)

=%.N



For the case of hackscattered direction where k, -kp, and kj, = k,,. wc will
have to evaluate the integral of the Ibllowing lbrm.

I (d11, d ~ (I : ( k,' k+zc'. -kpt. "12)()( '

r : 1 1 1 1 * 2) _-)d( VItiCtk 3 l d(k. + k - ,)(5 .7)

( 0.Ck , + k?., O ) k. + "k '.

where O k;. oI . , = k*,i

p od kn,.=-k,
s, t eu k . = k.

c d k,., =Ik~d.j

-The /f3 -integration will be performed term by term using the contour integration of the
residue calculus and we pick tIp the dominant pole-contributions under some reasonable
approximations. The value of integration is significant only when p = 3, q = t or p =
t, q = s and the result is the following.

"27r(00, = kipj + ':" . )d for p=,, q= torp=t, q=s (5.8)

21r-O(#. = O)d, s- '' only for/P, = -k
I _51 (5.9)

where i denotes the real part and it denotes the imaginary part of that quantity.

Now given the spectral density of the correlation function, we can determine the first
order scattered intensity by a two-layered anisotropic mndorn medium.

The assumptions we made in evaluating the above integrals are given below.

.4... (i)
-. ? ti< k,', kite < kit (5.10Oa)

(The medium is slightly lossy.)

*(ii)

d > 1, (5.lob)

(The random medium layer of interest contains many scattering inhomogeneities along the
vertical direction.)

k > (iii)
-6,,

,... :, > t ;,
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(The scattering layer contains mans wavelengths.)

All the above assumptions are reasonable in the microwave remote sensing of the earth
terrain. For example, in the case of sea ice, a typical correlation length is on the order
of millimeters while typical layer thickness is on the order of meters 1:1I( Moreover. we
assumed that -0(,j) vanishes everywhere on the hemi-circle at infinit. lhiis assumption
of course is not satisfied by all correlation functions. However, it does include many
physically interesting correlation functions.

In addition, because of the tilted uniaxial fluctuation, we need to have the coordinate
transformations in order to get correct expressions for @,(TI) which we use in (5.3) - (5.5).
Since the fluctuation is uniaxial in z'y'-' -coordinate as shown in Fig. 2, the correlation
function C( T - -F) is expressed as

C(R') = k, d3 ji, (Zl) exp (-i• (.1 1 )

where

!"I F'2 iT' b' iZ(5.12a)
- i-a. + 011 + M (5.126)

For example, the correlation function which is Gaussian laterally and exponential vertically
.':- - (. 3-4 X zJ] (5.13)

'"- has the Fourier transform

:" P 61"l P [ IP2 a (5.14)
47r(j+ t';12 r + 1

.5'

We like to transform C(R') and $(u) into the form in xyz -coordinate, C(R) and ,(1,
S:.' so that we can substitute them in (5.3)-(5.5).

%C(T')- C(R) = k '4 f d3 7 10() Cxp (-ih. Tj (5.15)
5-.

where

77 7= - -2 + + ZB Z (5.1 6a)

0.~~ +5 +. (5- fb



Using the coordinate traislorlmations [Fig. 21,

1 = X

= = y cos - sin (5.17)

Z" = Y sill + Zcos ,

we obtain the following relations between it and 7

Ckz = Ox

Q = O, cos V, - si: ¢, (5.I)
(k. = 0V sill /, + 0. eOS p

0Z= Z
/9 = ny cos ' + (t. sin (5.19)

0. = -(IV Sill sn + a. cos L

Then
dfda~da, dll .J (aIna d3,d/I (5.20)

i3yq 4:Z
where

--- = l

. Using (5.17)-(5.20). from (5.11) and (5.15) we obtain

S,(7) = ci(a. = , = 0. cos k - 4i sin 40, a. = V sin + 0, cos 1P) (5.21)

"...

For the correlation function given by (5.13), we have

.1.) [ 1=] exp [_I cs - sn (5.22)
1 42p[ 2[1 + (ov sin *+ , cos p)21 .2 )

Making use of (5.8) and (5.9) for evaluation of the integral in (5.5) and letting 0 = 00i
and 0, = ir + ,o, where 0, and 0, are the observation angles in the scattered direction,
we obtain the backscattering coefficients which is defined by Peake I'l as

l7rr 2 < J"-')l 2 >
Oro. 12, , a H or V (5.23)

to -W.where joll is the incident electric field intensity with polarization , < E,(r)I >.
is the mean scattered field intensity with polarization a , and J and a can be either
horizontal (TE) or vertical (TM) polarization. The final results are the following.

42,1

a = 7" .1i (Ars, I's, k,,,'., d, R's) (5.24)

L': -1%

* .,

",4'J

,P°94r4



W. 7. .l7 Z% -7 Vv .6

where 1
I = *, ~- 4 k"", d A k -

0~
./ Ac001"tootL -- _ _ _ I-kU'o, -k'o -2k(.2a

VltIz' I zi' -- I (.2

= o, A 1 ,30" + Ilaotl, 0 1 "I ~ k~1 - k'1', 0) 52 5b)

MA I klo klo(5.25c)

-? ( 1zi Iz I z% Izi

.5 = I osiloi + IArzeiAOaiI2-e(kz.. klcd I?~-k,o, k', -kl"o + kle (5.25d)

I - z

17 = I le.oi 'ct+ aeoi Ike I?B(k 1  Izi' I zi + k'z)(.2g-2(k ':. +j kk''.c k'

2 2?(i 1 k'l., +k~ (5.25hd

14;i led e 52
Jg ~ ~ ~ ~ ~ ~ R =k10j kcgI0~ + IljA~i 2

ii , k1 , + k )(.2
-2(kz', + 0.0)

-17~ ~~ II..J113,ei+2 1 I-(Vo i4~* , /lcezut~ ,l~ 2 k 1o I+k'cut(.2
zi/1.o +21 0,1(.2j

=j ji actie 12 2ReA.k ledI? A , k ld 2k'le (5.25h)

+ 2C11AC33A0 1133(13  1 z) + 2I sAC3A'k22I3 zi + kl333 ) (5.25i)
J9 2C jA. 23A I + 2tz +~jOj /C22dC3A i223(fz

+~~~~~~2kz +c3C3I23(h + ~ z C~ 2(3)

+2 1E ' 3.'.i /10.i3z + _e22Bc23a'I 'eu 2 2 k(Pz (5.25b)

R(X, Y.) CTI=" IC I I P-)Ii, + 2C ~Ci C 22(P122(13. + ~C4 2 242222(3.

2C IAC33C01 133.) + 2C-2CAc 4 233(/) + (ic :3i3i(/) (5.26a)
* ~+ 2C IACG,3A'bI 23 IG) + 2CC23C'j22(.))

2C C 2 AC 23 33 (i,) +23A(0 2 i2 3 ( ) }
RB(X Y,0) 1(. +2,IB 2Bb 2(3)+ 24225

"+IC2

+ Cii3 B )1 3(3 )+ 2 2 D 3B.23.. 3 '3.3 ( . 52 b
+ 2C-C2B'12(. +' \ 2C2B2B 23(

2C B -1B 330- +k~ C2.L(2230)
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W (k = ,,),-(k, 1' 1
0  ),,.,, ,,,,o) + ,t.2.2.,.(O) - .!¢,,i,..,(o)1 + t-k ;,k%) cr.. 1:(D)} (,.'-(idl)

,-"- (A) = { k-_1  + (k,, ,.,,. 4',- ' si,, ,)2}I/2 (5,.'7,,)

(( -k '0 + w kj4 ,:+(l)I}(5.27b)

C(: aX, Y) --- (ke ,os4' - X' sin i,)(ky,1 *os.q, - y .i, V,) (5.28a)

('"22,..A, = k~i cois2 14, (5.28b)

P,9
('.~~3A Sil k1SI)21'(5.Xc

." C'A ---- -k= si 4cos 4, (5.28d)

('C ID(X, Y) = k cos', - A\ sin ¢,)(k,, sin , + Y COS 4) (5.29a)

( .,X(., Y) + -- V2k c W2[k)(k~1sin 2/ + x 2os ) - sin ) (5.27b)

"" I% - Ii

C'I A(X, Y) = kz, sin oY(ks , sin iP + Y ,cos ) - cos i (5.29c)

C'23 8(A, Y) - i sin2 i - Y2 cosi l + cos 2] (5.29d)
Cu IB(,Y)= k ,(k,, sin q + X cosi )(k,, sini U + Y cos ,) (5.30a)

_ .. ' _ C2 2 2(X, Y) -, sin . + X cos 4') - /kC sin pJ][kyk, sin ' + Y cos 1 - k-2 sin 01 (5.30b)

",." C3 0(X, Y) = [X(kksin + X cosn)- cos ,][Y(ksin , + Y cos V-) -k cosj (5.30c)
C,23C(XY) = [kj(kj sin 4 + Xcos.V) - ksin iJ[Y(k.,sin 4 + Y cos ,) - k 2co ,1 (

2.1 1 (5. 30d I
+ [X(kjsin' + XcosV,) - k cos][k(k,, sill w + Y cosip) - k' sin ,]

,,ci(Ia"== ,,,, 8

t 1, only for ap- amv or avH when , o, f 5 l .2
T o, otherwise

.4 .%*°
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,.1-, 6. Discussion and .,pplication of [lie Results

We have obtained the backscattering coelficients for a two-layer anisotropic random
medium in (5.24)-(5.32). In the limiting case when both mean and fluctuation are isotropic,

. i.e. when ,= , ,I, = i, and = of = o , the r'tUlts reduce to

2H -= V-'14  -4 V .d + lh't.,,.14e[-4k", d ,(I)

1-., k''+t(6.,)

+ 8dl I? 2i 2 &1e-.k? ...d ()}

_-'__,"_, t __ _ _ _ _ [rI+I ,. n . dlovv = r2 y 14 k4 - -d S14 -4k",. + 2 o.,,,Oin1 2 ,( )

"""J0(6.tb) 12, ='. d , - k2 si,,,- O i,2 (2){' '

+ 8dfSI ' 1 c-kl,.d Ik • }
H V = av - 0 (6.1 c)

These are exactly the same as the results obtained for the case of two-layer isotropic
random medium by Zuniga and Kong Ili. As an another limit we let q, = 0 for the case
of vertically uniaxial mean and tilted uniaxial fluctuation (vpf # 0). The results check
with Lee's [321

Comparing with the result of the active microwave remote sensing of two-layer
homogeneous medium containing ellipsoidal discrete scatterers [331 for the case of prolate
spheroid which seems to be similar to our anisotropic continuous random medium model,
our result with t, = 0 has one-to-one correspondence with them term by term except the
one which comes from the coherent effect between oppositely scattered waves. From the
comparison of two results term by term, we get the constraint on the spectral density of
< Q(?I)Q;?2) > in (4.5c):

. *') *0*3 (6.2)

Assuming that the three correlation functions in (4.5) have the same statistical behavior,
(6.2) leads to

62 6162 (6.3)

Therefore. given that the shape of fluctuation is a spheroidal ellipsoid, the cross correlation
between Q and Q2 will be determined by ,I, = ,lP2 . We shall use this constraint in
assigning statistical parameters in order to get various responses of a in the following.
We shall choose the correlation function to be exponential both laterally and vertically as
follow s. r I - X2 1 I 21 _ I Z21rC,-r.2) = 6, k'z'ezp I- 12l, v-V-'t z - ~] (6..lu)
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,,:,. The spectral densities are given as

'..b,121

- r)=2 ij Ii-1 _ Iui .) - 2  (6.5)

(t"(a )- 2 (I +,,kOl) + ,12)( + ) = 1,2. (6.5)

These satisfy the assumptions made in the calculation of a.
Now we look at various effects of anisotropy of random permittivity. First we

see any = ,nvH which agrees with the Lorentz reciprocity theorem since the medium
is reciprocal and we consider the scattering in the backscattering direction. lle most
significant effect is that there is a depolarization in the first-order backscattering. As we
see in (6.1c), the first order single scattering with the isotropic random medium model
does not induce any depolarization effect in the backscattered direction. Even for the
case of Uniaxial mean and fluctuation with their optic axes in the _- -direction, i.e., when
-I Z '(If # (1,f but o = 4', = o (untilted), (5.24) again gives 711v = avH = 0 with

some algebraic manipulations. This shows no depolarization. It is physically clear that
if the medium is vertically (Untilted) uniaxial either in mean or in luctuation the single

-- scattering in the backscattered direction does not change the polarization of the incident
wave. In other words, there is no coupling between two different linear polarizations.

. However, if either the mean (background) or the fluctuation becomes tilted uniaxial, i.e.,
v, # 0 or of - 0, then it gives us nonzero depolarization. We can consider three cases
which give the cross polarization effect in de first-order backscattering.

First, o 3 o and of = o where the background permittivity is "anisotropic" (tilted
uniaxial) and the permittivity fluctuation is isotropic or untilted uniaxial. Then oi =

.4VH 3 o. This is because the wave incident with either TE or TM polarization upon an
anisotropic background medium produces both the ordindary wave and the extraordinary
wave. This is the so-called double refraction.

Second, -of' 3 o and 0 = o where the fluctuation is anisotropic and the background
is isotropic or untilted uniaxial. In this case the wave with one polarization can produce
the other polarization, when it is scattered in an anisotropic fictuation, even in the
backscattered direction.

Third, P = v 0. It is obvious that when both the background and the fluctuation
are anisotropic there would be a strong depolarization effect. It is physically more

:- reasonable to have ?P = Of than V; # v.f

It is also to be noted that even if one of three conditions is satisfied, when ±90
i.e., when the propagation vector and the optical axis of mean or fluctuation are in the same
plane (y: - plane), amy = o . This is because for this case the electric field is polairzed

I-.'> either perpendicularlly (TE) or parallel (TM) with respect to the plane of incidence so

4:d;



that the double refraction does not occur and the single scattering does not change the
polarization of the incident wave in the backscattered direction.

As an illustration of our theoretical results, the typical responses of , li, avv and
allv are shown as a function of frequency at o, = :;00 [Fig. 3] and as a function of

incidence angle at f = 10 GHz [Fig. 4]. by choosing the appropriate parameters for
6,,,,, and 1. which are reasonable numbers in the micowave remote sensing of the
earth terrain. We clearly see that we obtain a strong o,,v.

For the backscattering coefficient for the isotropic half-space random medium (d -- ,0)
as a function of incidence angle (Oj), avv is always greater than ,1 11 , because the
vertically polarized TM waves are transmitted and backscattered more than horizontally
polarized TE waves. In contrast with the isotropic case, the anisotropic half-space random
medium gives us the possibility of having (IHH > "vv as it will be shown in Figs. 5-10.

First, it is due to an anistropic fluctuation. In Fig. 5, when 61 > 62 , for large
incidence azimuthal angle o, = 800 (near !)0o ), alH is seen to b'e greater than avv

especially for small incidence angles 0O, . This is because the strength of fluctuation is
stronger in lateral directin (plane perpendicular to the optical axis) compared to that in
vertical direction (along the optic axis of fluctuation), in other words, the fluctuation is
more correlated in lateral direction. Near Oo, = 90f , the polarizatin of TE wave will be
almost in lateral direction with respect to the optical axis of Q=. However, for small toi,

it follows the common response, i.e., aovv is always greater than o,, over all incidence
angles o0 as shown in Fig. 4.

In Fig. 6, when 6 < 62, for small ,o, (near 0), att, can be larger than avv
at small incidence angles so that there is a cross-over between oHH and avv near
0i = 3o*3. The reason for this effect is similar as before. TE waves have more components
parallel to the optical axis near -0, = 00 than at other angles and the fluctuation is more
correlated in the direction of optic axis. In contrast, for large oo, avv is always larger
than GHHf for all ooi as shown in Fig. 7. We note that this kind of response can happen
when of 3 o, i.e. for the tilted uniaxial fluctuation.

Second, this phenomena also arises due to an anisotropic background (0 3 o, (I
fi,). For example, in Fig. 8, for large o,, attt, is greater than avv over a wide range
of lower oo0 when ('1, deviates largerly from c'" . See the case of c' = 0.01, r,= 0.1
compared to the case of c'" = 0.o, f', = 0.02. This is because TM wave experiences
greater absorption than TE waves due to higher loss along the optic axis of the background
medium.

The possibility of an1H > avv can be also seen from the responses of a as a function
of incidence azimuthal angle 00j at a fixed 0o, in Figs. 9-10. When 6 > 6., [Fig. 9],
auH,- increases and avv decreases as o, so that U,,,n > avv at large 0,, . When

bi < 62 [Fig. 10], aoHH > avv at small o, As a whole, the cross-polarization ('tnv) is
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very sensitive to p, . while the like-polariiations (a,1, avv) are not much affected by
changing 0(,i
the.Given the incidence angles. O,, and i. all a 's are affected greatly by changing

the tilted angle of optic axis as shown in Figs. 11-12. We observe a lot stronger cross-
polarization when o, . [Fig. 111 compared to when o' = ) [Fig. 121. Foi" some range
of 0,aVH is as large as 6M,, or avv . It could be even larger in some cases. From this
we observe that the anisotropy of background medium produces more cross-polarization
than the anisotropic fluctuation does.

As an application we try to explain the experimental data by matching our theoretical
results with experimental data collected from the Arctic sea ice by Onstatt, Moore and
Weeks [51.

In Figs. 13-15. we have matched the backscattering data of the thick first-year (TFY)
sea ice as a function of an incidence angle at three different frequencies: f =- 9 GHz
[Fig. 13]. f = 13 GHz [Fig. 14], and f = 17 GHz [Fig. 15], simultaneously. The
letters 11, V . and c represent experimental data for GHH, ,vv and HV , respectively,
and the continuous curves represent the theoretical results. In order to match these data
we assigned a set of parameters: 1, = I mm, 1. = 3mn. 61 = 0.. 62 - 0.8 with o; =
75°,/ = = 250 . The ground truth for 0o, 0 and Vf is not known. As seen from

the figures, the theoretical results fit with experimental data pretty well except at lower
angles. Higher values for , of experimental data at lower incidence angles compared with
the theoretical values are due to the rough surface effect of sea ice surface. Our theory
only takes into account the volume scattering and the rough surface scattering effect is not
included. Notice that we have chosen 1. > L and 6., > 6, . Since the brine inclusions
inside an ice crystal look like vertically elongated ellipsoids ['91 , the vertical correlation
length should be greater than the lateral correlation length. The strength of fluctuation in
vertical direction is stronger than that in lateral direction, because this quantity determines
the magnitude of scattering due to the brine inclusions. We have chosen the different
permittivities for sea ice (ci, el.) and sea water ((2) at different frequencies, following
Vant et al. 1191 The real part of fi is chosen to be isotropic while the imaginary part is

%-> chosen to be anisotropic, following Sackinger and Byrd's report Ill
In Figs. 16-18, we have also matched the backscattering data of the multiyear (MY)

sea ice as a function of an incidence angle at three different frequencies: f = 9 GHz
[Fig. 161, f = 13 GHz [Fig. 17], and f = 17 GHz [Fig. 181, simultaneously. Another
set of parameters are assigned to match data: 1. = 3mm, I, = ,mm. 61 = 0.1, 62 = 0.3
with ,oj = 750, 0 = f = :=io . The multiyear ice has properties diffe'ent from those of
the first-year ice in that it contains mainly air bubbles and it has much lower salinity ['91
Hence, 1, and 1, do not differ much. The dielectric constant and the dielectric loss are
expected to be less than those of the thick first-year ice.

-,-.J . ': . -.- , .- , -. . -.-.. . .-.. . - -.-. -, - . . . . . . . . . . . . . . ., . . . . . . . .. . .. . . . . .
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7. Conclusions

m Introducing the dyadic Greens runction fbrmalism and applying the first order Born
approixmation, we have solved the problem of electromagnetic wave scattering by a two-

- layer anisotropic random medium for an application to microwave active remote sensing of
earth terrain. With an advantage of wave approach, we obtained the analytic expressions
for backscattering coefficients which includes depolarization effect.

There was a significant result in that the anisotropy of mean permittivity or permittivity
fluctuation of random medium can lead to nonzero depolarization in the backscattered

-direction for the first order scattering, in contrast with the isotropic random medium which
does not have depolarization in the first order backscattering. Either the mean permittivity
or the permittivity fluctuation of the random medium has to be at least Liniaxial and
tilted with respect to vertical (-) direction in order to obtain the first order depolarized
backscattering. The result also shows the possibility of ,H1H > avv for an anisotropic
random medium even in tile case of half-space. This does not occur for an isotropic half-
space random medium. As an application to remote sensing, we have matched theoretical

Sh results very well with experimental data collected from sea ice.
Since most of the experimental data for backscattering coefficients contains only the

incidence angle (o) response, but not the incidence azimuthal angle (, o,) response, it
is difficult to take advantage of our anisotropic random medium model at this point. It
would be recommended that some experimental data for an azimuthal angle response be
collected in order to account for the effect of anisotropy of random permittivity.

.- S..,
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Figure Captions

Figure 1 Scattering geometry of a two-layer anisotropic random medium..

Figure 2 Geometrical configuration of permittivity tensor..

- Figure 3 Theoretical results of ,mf, ,avv and T iv versus incidence angle
(O. = 30*0, = 0..

Figure 4 Theoretical results of o,1, and ,vv versus incidence angle (0.j at f
= 10 GHz, oi = o ..

Figure 5 Theoretical results of aHH and avv versus inciddence angle with
0, -- 800 when 61 62..

Figure 6 Theoretical results of a'HH and ,vv versus incidence angle with 0,,j =

e10 when 61 < 62

Figure 7 Theoretical results of afHHf and avv versus incidence angle with , =
i"0 when bi < 62

Figure 8 Effect of anisotropic background on incidence angle response..
5:-*

Figure 9 Theoretical results of a.IH, vv and oHv versus incidence azimuthal
angle (.,,) at 0.= 30* when 61 > 62 ..

Figure 10 Theoretical results of 0rHH, avv and allv versus incidence azimuthal
angle at 0., = 100 when 61 < 62..

Figure 11 Theoretical results of aHH, avV and anV versus tilted angle (¢ =

-o°. o .. . . . . . . ,** q
V . . . . - 5'5 -*
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at 0., = : , 0o = 10.

Figure 12 Theoretical results of oHIr, orvv and aOHV versus tilted angle (ipf)
with v =o* at 0,, =m , , =1

Figure 13 Interpretation of backscattering data of thick first-year sea ice as a
•-'- function of incidence angle at f = 9 GHz..

Figure 14 Interpretation of backscattering data of the same sea ice at f = 13
GHz..

Figure 15 Interpretation of backscattering data of the same sea ice at f = 17
GHz..

iFigure 16 Interpretation of backscattering data Of Multiyear sea ice as a function

~of incidence angle at f" = 9 GHz..
.

"-'Figure 17 Interpretation of backscattering data of the same sea ice at f' = 13
SGHz.

Figure 18 Interpretation of backscattering data of the same sea ice at f = 17
GHz..
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Figure 15
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Figure 16

MY sea ice f 9 GHz
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Figure 18

MY sea ice f =17 GHz
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